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Abstract 

In this talk I will review our present knowledge on neutrino masses and mixing trying to em- 
phasize the most direct implications and challenges of these results. 



1. Introduction: The New Minimal Standard Model 

The SM is a gauge theory based on the gauge symmetry SU(3)c X SU{2)l x U(l)y 
spontaneously broken to SU(3)c X E/(1)em by the the vacuum expectation value of a 
Higgs doublet field <fi. As I will explain in Sec[3j with the matter contents required for 
describing the observed particle interactions, the SM predicts that neutrinos are strictly 
massless and there is neither mixing nor CP violation in the leptonic sector. 

We now know that this picture cannot be correct. Over several years we have accumu- 
lated important experimental evidence that neutrinos are massive particles and there is 
mixing in the leptonic sector. In particular we have learned that: 

- Solar u' e s convert to or v T with confidence level (CL) of more than la pQ. 

- KamLAND find that reactor v e disappear over distances of about 180 km and they 
observe a distortion of their energy spectrum. Altogether their evidence has more than 
3cr CL 0. 

- The evidence of atmospheric (ATM) disappearing is now at > 15<r, most likely 
converting to v T [3J. 

- K2K observe the disappearance of accelerator i/„'s at distance of 250 km and find a 
distortion of their energy spectrum with a CL of 2.5-4 a [I]. 

- MINOS observes the disappearance of accelerator v^s at distance of 735 km and find 
a distortion of their energy spectrum with a CL of ~ 5 a [5] . 

- LSND found evidence for — > iv This evidence has not been confirmed by any other 
experiment so far and it is being tested by MiniBooNE [6]. 
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These results imply that neutrinos are massive and the Standard Model has to be ex- 
tended at least to include neutrino masses. This minimal extension is what I call The 
New Minimal Standard Model. 

In the New Minimal Standard Model flavour is mixed in the CC interactions of the 
leptons, and a leptonic mixing matrix appears analogous to the CKM matrix for the 
quarks. However, the discussion of leptonic mixing is complicated by two factors. First 
the number of massive neutrinos (n) is unknown, since there are no constraints on the 
number of right-handed, SM-singlet, neutrinos. Second, since neutrinos carry neither 
color nor electromagnetic charge, they could be Majorana fermions. As a consequence 
the number of new parameters in the model depends on the number of massive neutrino 
states and on whether they are Dirac or Majorana particles. 

In general, if we denote the neutrino mass eigenstates by Vi, i = 1, 2, . . . ,n, and the 
charged lepton mass eigenstates by U = (e, [A, r), in the mass basis, leptonic CC interac- 
tions are given by 

- Ccc = -^~Ll» Un v, W+ + h.c. (1) 

Here U is a 3 x n matrix [7y = P^u V/ k {Pu,jj) where V i (3 x 3) and V v (n x n) are 
the diagonalizing matrix of the charged leptons and neutrino mass matrix respectively 
V^MtMlv 1 = diag(m2,m2, TO 2) and V u ^ MtM u V u = di&g(m?,m!,m§, . . ,,mj). 

Pe is a diagonal 3x3 phase matrix, that is conventionally used to reduce by three the 
number of phases in U. P v is a diagonal matrix with additional arbitrary phases (chosen 
to reduce the number of phases in U) only for Dirac states. For Majorana neutrinos, this 
matrix is simply a unit matrix, the reason being that if one rotates a Majorana neutrino 
by a phase, this phase will appear in its mass term which will no longer be real. Thus, 
the number of phases that can be absorbed by redefining the mass eigenstates depends 
on whether the neutrinos are Dirac or Majorana particles. In particular, if there are only 
three Majorana (Dirac) neutrinos, U is a 3 x 3 matrix analogous to the CKM matrix for 
the quarks but due to the Majorana (Dirac) nature of the neutrinos it depends on six 
(four) independent parameters: three mixing angles and three (one) phases. 

A consequence of the presence of the leptonic mixing is the possibility of flavour oscilla- 
tions of the neutrinos. Neutrino oscillations appear because of the misalignment between 
the interaction neutrino eigenstates and the propagation eigenstates ( which for propa- 
gation in vacuum are the mass eigenstates). Thus a neutrino of energy E produced in 
a CC interaction with a charged lepton l a can be detected via a CC interaction with a 
charged lepton lp with a probability which presents an oscillatory behaviour, with oscil- 
lation lengths given by the phase difference between the different propagation eigenstates 
- which in the ultrarelativistic limit is = — and amplitude that is proportional 

to elements in the mixing matrix. 

It follows that neutrino oscillations are only sensitive to mass squared differences and 
do not give us information on the absolute value of the masses. Also the Majorana 
phases do not affect oscillations because total lepton number is conserved in the process. 
Experimental information on absolute neutrino masses can be obtained from Tritium 
decay experiments and from its effect on the cosmic microwave background radiation 
and large structure formation data. If neutrinos are Majorana particles their mass and 
also additional phases can be determined in f-less f3(3 decay experiments [12] . 

Besides the flavour vacuum oscillations, described above, further flavour dependent 
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Fig. 1. Allowed regions for 2-u oscillations of solar v e (left) and KamLAND v e (right). The different 
contours correspond to the allowed regions at 90%, 95%, 99% and 3<r CL. 
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Fig. 2. Allowed regions from the analysis of ATM data (left), K2K (central) and MINOS (right). The 
different contours correspond to at 90%, 95%, 99% and 3<r CL. 



effects occur when neutrinos travel through regions of dense matter. This is so, because 
they can undergo forward scattering with the particles in the medium and these inter- 
actions are, in general, flavour dependent and as a consequence the oscillation pattern 
is modified. However the flavour transition probability still depends only on the mass 
squared differences and it is independent of the Majorana phases. 

The neutrino experiments described above have measured some non- vanishing P a p and 
from these measurements we have inferred all the positive evidence that we have on the 
non- vanishing values of neutrino masses and mixing as described below. 



2. The Parameters of the NMSM: 3u Analysis 

I describe here the present determination of the parameters of the model from the 
analysis of the data from solar, KamLAND, ATM and K2K experiments and ignore the 
LSND evidence as it was not confirmed by MiniBoone. 

In Fig. [T] I show the results from a recent analysis [7] of KamLAND v e disappearance 
data and solar v e data. The main features of these results are: 

- In the analysis of solar data, only the formerly called large mixing angle solution 
(LMA) is allowed with maximal mixing rejected at more than 5c. This is so since the 
release of the SNO salt-data (SNOII) in Sep 2003. 
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- The analysis of the KamLAND data determines more precisely AttIq and it already 
makes an impact on the lower bound of the corresponding mixing angle, whereas 
the upper bound is dominated by solar data, most importantly by the CC/NC solar 
neutrino rates measured by SNO. 

- There is a mismatch between the best fit mixing angle and Am 2 from solar and 
KamLAND at the ~ 1.5a level. 

In FigfJ I show the results of an updated analysis of the ATM, K2K and MINOS data 
(updated from 7 ). As seen in the figure, the determination of the corresponding Am 2 tm 
is dominated by the data from the MINOS experiment. The measurement of the mixing 
angle is still largely dominated by atmospheric neutrino data from Super-Kamiokande 
with a best fit point close to maximal mixing. 

From the previous partical analysis, it is clear that the minimum joint description of 
ATM, LBL, solar and reactor data requires that all the three known neutrinos take part 
in the oscillations. The mixing parameters are encoded in the 3x3 lepton mixing matrix 
which can be conveniently parametrized in the standard form 

A \ / cia s 13 e lS \ I C2i si2 o\ 

(/= C 23 S 23 1 ~ Sl2 Cl2 ( 2 ) 

\0 -S23 c 23 / \-si3e-* 4 C13 / \ 1/ 

where Cy = cos Oij and Sij = sin Oij . The angles Oij can be taken without loss of generality 
to lie in the first quadrant, Oij £ [0, tt/2). 

There are two possible mass orderings, which we denote as Normal and Inverted. In 
the normal scheme mj < m 2 < m 3 while in the inverted one m 3 < mi < m 2 . 

In total the 3-v oscillation analysis involves six parameters: 2 mass differences (one 
of which can be positive or negative), 3 mixing angles, and the CP phase. Generic i-v 
oscillation effects include: (i) coupled oscillations with two different wavelengths; (ii) CP 
violating effects; (iii) difference between Normal and Inverted schemes. The strength of 
these effects is controlled by the values of the ratio of mass differences Am^/IAm^l, by 
the mixing angle #13 and by the CP phase 5. 

From the previous 2v analysis we see that Ami, = Am 21 <C IAto^I ~ |Ato3 2 | = 
Am 2 tm . As a consequence the dominant oscillations in the joint 3-u analysis behave as 
follows: 

- for solar and KamLAND neutrinos, the oscillations with the Am^-driven oscillation 
length are completely averaged and the survival probability takes the form: 

Pll = sin 4 13 + cos 4 13 P^ (3) 

where in the Sun P%" is obtained with the modified sun density N e — > cos 2 0i 3 N e . So 
the analyses of solar data constrain three of the six parameters: Ato 21 ,#i 2 and #13. 

- For ATM and LBL neutrinos, the Am^-driven wavelength is very long and the corre- 
sponding oscillating phase is almost negligible. As a consequence, the ATM and LBL 
data analysis mostly restricts Am 2 ^ ~ Am| 2 , 023 and $13, the latter being the most 
relevant parameter common to both solar+KamLAND and ATM+LBL neutrino os- 
cillations and which may potentially allow for some mutual influence. The effect of #13 
is to add a — > v e contribution to the ATM and LBL oscillations. 

- In reactor experiments at short and intermediate baselines, in particular at CHOOZ, 
the Am^-driven wavelength is unobservable and the relevant oscillation wavelength 
is determined by Arn 2 ^ and its amplitude by #13. 
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- The CP phase is basically unobservable although there is some marginal sensitivity in 
the present ATM neutrino analysis [7j- 

- Normal versus Inverted orderings could be discriminated due to matter effects in the 
Earth for ATM neutrinos. However, this effect is controlled by the mixing angle 6*13. 
Presently all data favour small 6*13. Consequently, the difference between Normal and 
Inverted orderings is too small to be statistically meaningful in the present analysis. 

- The previously mentioned mismatch between the best fit angle 9 12 as determined by 
solar versus KamLAND experiments, can be resolved by a non vanishing 6*13 [819110) . 
The exact CL for the non-zero value depends on the details of the analysis. A careful 
comparison of the results can be found in Ref. [10] in which the best fit #13 is finally 
found to be compatible with zero at the 0.9a level. 

Altogether the derived ranges for the Am 2 's at la (3a) are: 

Ami, = 7.67tg:£ (±r 6 I)xlO- 5 eV 2 , 




-2.39 ± 0.12 (toio) x 10 " 3 ey2 (inverted hierarchy) , (4) 
+2.49 ± 0.12 (toll) x 1Cr3 ey2 (normal hierarchy) , 



while our present knowledge of the moduli of the mixing matrix U yields: 
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3. Implications 

3.1. The Need of New Physics 

The SM is based on the gauge symmetry SU(3)c x SU(2)^ x J7(l)y spontaneously 
broken to SU(3)c x U(1)bm by the the vacuum expectations value (VEV), v, of the a 
Higgs doublet field <f>. The SM contains three fermion generations which reside in chiral 
representations of the gauge group. Right-handed fields are included for charged fermions 
as they are needed to build the electromagnetic and strong currents. As a consequence no 
right-handed neutrino is included in the model since neutrinos are neutral and colorless. 

In the SM, fermion masses arise from the Yukawa interactions which couple the right- 
handed fermion singlets to the left-handed fermion doublets and the Higgs doublet. After 
spontaneous electroweak symmetry breaking (EWSB) these interactions lead to charged 
fermion masses but leave the neutrinos massless. No Yukawa interaction can be written 
that would give a tree level mass to the neutrino because no right-handed neutrino field 
exists in the model. 

Furthermore, within the SM G|^ baI = U(1) B x U(l) e x U(1) M x U(1) T is an accidental 
global symmetry. Here U(1)b is the baryon number symmetry, and U(l) e}fi}T are the three 
lepton flavor symmetries. In principle one can think of a neutrino mass term built with the 

particle content of the SM — ^ (Ln^j (0 + L^) +h.c, where Lj are the lepton doublets 

- as induced perturbatively at higher order or by non-perturbative effects. However such 
term would violate the U(\)l subgroup of G|'j^ bal and therefore cannot be induced by 
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loop corrections. Also, it cannot be induced by non-perturbative corrections because the 
U(1)b-l subgroup of G| 1 ] ^ [ bal is non- anomalous. 

It follows that the SM predicts that neutrinos are precisely massless. Consequently, 
there is neither mixing nor CP violation in the leptonic sector. Thus the simplest and 
most straightforward lesson of the evidence for neutrino masses is also the most striking 
one: there is New Physics (NP) beyond the SM. This is the first experimental result that 
is inconsistent with the SM. 

3.2. The Scale of New Physics 

There are many good reasons to think that the SM is not a complete picture of Nature 
and some new physics (NP) is expected to appear at higher energies. In this case the SM 
is an effective low energy theory valid up to the scale Anp which characterizes the NP. In 
this approach, the gauge group, the fermionic spectrum, and the pattern of spontaneous 
symmetry breaking are still valid ingredients to describe Nature at energies E -C Anp. 
The difference between the SM as a complete description of Nature and as a low energy 
effective theory is that in the latter case we must consider also non-renormalizable (dim> 
4) terms whose effect will be suppressed by powers 1/A^ 1 ™ -4 . In this approach the largest 
effects at low energy are expected to come from dim= 5 operators 

There is a single set of dimension-five terms that is made of SM fields and is consistent 
with the gauge symmetry given by 

° 5 = Xn7 ( Zl ^) + h - c -' (6) 

which violates total lepton number by two units and leads, upon EWSB, to neutrino 
masses: 

= Zij/-. (7) 
A NP 

This is a Majorana mass term. 

Eq. ([7|) arises in a generic extension of the SM which means that neutrino masses are 
very likely to appear if there is NP. Furthermore from Eq. {2} we find that the scale of 
neutrino masses is suppressed by v/Anp when compared to the scale of charged fermion 
masses providing an explanation not only for the existence of neutrino masses but also 
for their smallness. Finally, Eq. ([7]) breaks not only total lepton number but also the 
lepton flavor symmetry. Thus we should expect lepton mixing and CP violation. 

Given the relation ijTj). m„ ~ ?j 2 /Anp, it is straightforward to use measured neutrino 
masses to estimate the scale of NP that is relevant to their generation. In particular, if 
there is no quasi-degeneracy in the neutrino masses, the heaviest of the active neutrino 
masses can be estimated, rrih = 7713 ~ \J Am^j ~ 0.05 eV (in the case of inverted 
hierarchy the implied scale is m-h — rti2 ~ y^AmfJ ~ 0.05 eV). It follows that the scale 
in the non-renormalizable term ([5]) is given by 

A NP ~ v 2 /m h w 10 15 GeV. (8) 

We should clarify two points regarding Eq. (jHJl : 

1. There could be some level of degeneracy between the neutrino masses that are 
relevant to the atmospheric neutrino oscillations. In such a case Eq. (|8]) becomes an 
upper bound on the scale of NP. 
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2. It could be that the couplings of Eq. © are much smaller than one. In such a 
case, again, Eq. (JH) becomes an upper bound on the scale of NP. On the other hand, in 
models of approximate flavor symmetries, there are relations between the structures of the 
charged lepton and neutrino mass matrices that give quite generically Z33 > m^/v 2 ~ 
10~ 4 . We conclude that the likely range of Anp that is implied by the atmospheric 
neutrino results is given by 

10 11 GcV < Anp < 10 15 GeV. (9) 

The estimates (j8]) and (j9|) are very exciting. First, the upper bound on the scale of 
NP is well below the Planck scale. This means that there is a new scale in Nature which 
is intermediate between the two known scales, the Planck scale mpi ~ 10 19 GeV and 
the electroweak breaking scale, v ~ 10 2 GeV. Second, the scale Anp ~ 10 15 GeV is 
intriguingly close to the scale of gauge coupling unification. 

Of course, neutrinos could be conventional Dirac particles. In the minimum realization 
of this possibility, one must still extend the SM to add right-handed neutrinos and impose 
the conservation of total lepton number (since in the presence of right-handed neutrinos 
total lepton number is not an accidental symmetry) to prevent the right-handed neutrinos 
from acquiring a singlet Majorana mass term. In this scenario, neutrinos could acquire 
a mass like any other fermion of the Standard Model and no NP scale would be implied. 
We would be left in the darkness on the reason of the smallness of the neutrino mass. 



3.3. The Challenge of Reconstructing the New Physics 



In order to illustrate what I mean with this title I will focus on the what is probably 
the best known scenario that leads to ([6]): the see-saw mechanism. 

In what it is also called Type-I see-saw, [13], one assumes the existence of heavy 
sterile neutrinos A^. Such fermions have SM gauge invariant bare mass terms and Yukawa 
interactions : 

- L NP = ^M Nij NfNj + YtfLZfiNj + h.c. (10) 
The resulting mass matrix in the basis (vli, Nj) T has the following form: 

(0 Y" — \ 
^ (11) 
<r) T % m n I 

If the eigenvalues of Mn are all well above the electroweak breaking scale v, then the 
diagonalization of M v leads to three light mass eigenstates and an effective low energy 
interaction of the form (J6j) . In particular, the scale Anp is identified with the mass scale of 
the heavy sterile neutrinos, that is the typical scale of the eigenvalues of Mn- Two well- 
known examples of extensions of the SM that lead to a see-saw mechanism for neutrino 
masses are SO(10) GUTs and left-right symmetry. 

Another form of new physics which also leads to a see-saw mechanism is the Type-II 
see-saw 14 . In this case, no additional neutrino states are included in the theory but 
in order to construct a gauge invariant neutrino mass term involving only left-handed 
neutrinos the Higgs sector of the Standard Model is extended to include besides the 
doublet <fi, an SU(2)l scalar triplet A ~ (1,3, 1). We can write the triplet in the matrix 
representation as 
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A -A+/V2\ 
A = /V . (12) 

' -A+/V2 -A++ J 

The neutrino mass term arises from the Lagrangian: 

Cnp = -f vij Ll A L Lj - V(4>, A) (13) 

where the scalar potential, besides the usual mass and self-coupling terms for the doublet 
contains additional pieces such as a triple mass term Ma and a double-triple mixing term 
H (which breaks L explicitly) 

V(4>,A)np = M A Tr(A^A) + (jt 4> T A 4> + fc.c.) . 
The potential minimization leads to a vev for the triplet 

-A = -P^. (14) 
V2MI 

which induces a Majorana mass for the three neutrinos 

M„ = V2f u v A . (15) 

So if M\ > then which gives an explanation to the smallness of the neutrino 

mass. In this case the scale Anp = M A //i, and a characteristic setting would be for /„ w 1 
and fi <~ Ma ~ 10 14 ~ 15 GcV. 

One may notice that even in these particularly simple forms of NP, £np contains very 
different high energy particle contents as well as 18 parameters for Typc-I and > 12 for 
Type-II which we would need to know in order to fully determine the dynamics of the 
NP. However the effective low energy operator O5 contains only 9 parameters which is 
everything we can measure at the low energy experiments. This simple example illustrates 
the limitation of the "bottom-up" approach in deriving model independent implications 
of the presently observed neutrino masses and mixing. This is the challenge. 

Alternatively one can go "top-down" by studying the low energy effective neutrino 
masses and mixing induced by specific high energy models. Unfortunately the number of 
possible models is overwhelming and impossible to review in this talk. 

The bottom line of this discussion is that in order to advance further in the under- 
standing of the dynamics underlying neutrino masses, we need more (and more precise) 
data. Furthermore synergy among different types of observations are probably going to 
be fundamental in this advance. In this respect I will finish by discussing two possible 
consequences of neutrino mass models which have deserved special attention in the last 
years. 



3.4. Signatures at LEG 



Ideally in order to directly test the dynamics underlying the neutrino mass generation 
one needs to observe the associated new states. For instance, in the examples above 
we would like to produce and study the new heavy states responsible for the see-saw 
mechanism, either the heavy neutral leptons or the triplet scalars. As discussed above, 
most generically the characteristic mass scales of the new states are very large, rendering 
the new states experimentally inaccessible in the foreseeable future. However, one can 
envision scenarios in which this may not be necessarely the case. 
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As an example let's take the Type II see-saw introduced in the previous section. The 
key ingredient that makes this model testable at LHC is to assume a very small doublet- 
triplet mixing 

H < M A (16) 

so the Higgs triplet is heavy, typically M A > v 2 /2, but not much heavier than this bound. 
Once the neutral component in the triplet gets the vev, va as in Eq. (|14p . the neutrinos 
acquire a Majorana mass as described above, but because of the smallness of /i one can 
have small neutrino masses even with Ma as light as 

M A ~ HO GeV (17) 

without conflicting with any existing data. 

After EWSB, there are 7 physical massive Higgs bosons left in the spectrum. One is 
a SM-like doublet while the other 6 are triplet-like: two neutral (if 2 and A), two single 
charged and two double charged iJ ±± with Mh 2 ~ Ma — M H ± ~ M H ++ = M\. 
Thus all these states are within reach of the LHC. 

In the physical basis for the fermions the Yukawa interactions of the single and double 
charged scalars can be written as 

-C = Y+ Dg e Lj H+ + Y++ e c Li e Lj H++ , (18) 



where 



mdiag ^diag 

III',, TT + , r J — L t't'iA 



Y + = cos0 + ^— ul EP , r++ = U* LEP -j= — u{ EP = u ■ (19) 
va V2 va 

Thus in this scenario the values of the couplings Y + and Y ++ are determined by the 
spectrum and mixing angles for the active neutrinos. Therefore, by observing lepton- 
number violating decays of the Higgs bosons, H ++ — > e^e^ and H + — > e\v (e, = e, /x, r) 
one can obtain information about neutrino masses and mixings and in particular it is 
possible to determine the neutrino mass spectrum. 



3.5. Leptogenesis 



Even if its characteristic NP scale is as high as estimated in Eq.@, neutrino mass 
models can lead to important visible consequences. In particular they may help us to 
explain the origin of the cosmic matter-antimatter asymmetry, via leptogenesis |15j . 

From the detail cosmological data from CMB and BBN we know that there is only 
a tiny asymmetry in the baryon number, !ig/ri 7 sa 5 x 10~ 10 . Leptogenesis [15 is the 
possible origin of such a small asymmetry related to neutrino physics. In a possible 
realization of leptogenesis, L ^ is generated in the Early Universe by the decay of 
one of the heavy right-handed neutrinos of the the see-saw mechanism, with a direct CP 
violation. Due to the interference between the tree-level and one-loop diagrams shown 
in Fig. [3] the decay rates of the right-handed neutrino into leptons and anti-leptons are 
different. In order to generate a lepton asymmetry the decay must be out of equilibrium 
(L„ R <ti Universe expansion rate). Sphaleron processes transform the lepton asymmetry 
in baryon asymmetry and below the electroweak phase transition a net baryon asymmetry 
is generated AB ~ (the exact coefficient relating AB to AL is model dependent.) 
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Fig. 3. The tree-level and one-loop diagrams of right-handed neutrino decay into leptons and Higgs. 



In general, the details are model dependent and much work has been done to explain 
the observed asymmetry in realizations which are able to accommodate the neutrino os- 
cillation data. In its minimal implementation a right-handed neutrino of about 10 10 GeV 
can account for the cosmic baryon asymmetry from its out-of-equilibrium decay [16] . 
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